INTRODUCTION
The Wabash Valley seismic zone and the New Madrid seismic zone are the closest large earthquake source zones to Evansville, Indiana. The New Madrid earthquakes of 1811-1812, more than 180 km from Evansville, produced ground motions with Modified Mercalli Intensity VII near Evansville. Liquefaction evidence has been documented less than 40 km away from Evansville resulting from two large earthquakes that occurred within the past 12,000 years in the Wabash Valley. Two earthquake scenarios are described in this paper that demonstrate the expected ground motions within the 33 by 42 km 2 region around Evansville based on a repeat earthquake from each of these source regions. The simulations take into account the 1-D amplification of ground motion in the unconsolidated soil layer using a new laterally varying model of seismic velocity and bedrock depth. The objective of this work is to demonstrate to what extent the local variability in ground motions due to local site effects impacts the assessment of seismic hazard. These scenario maps are a valuable complement to the probabilistic seismic hazard maps for the same area (Haase, Nowack, Choi, and Bowling 2011) because the scenario maps illustrate the direct relationship between an earthquake source and the potential hazard. Also, the scenario ground motions can be used to calculate liquefaction hazard . These ground motion maps, along with those for the probabilistic seismic hazard and liquefaction hazard, will be useful for evaluating the potential losses from earthquakes and can be used for planning, development, hazard mitigation, and emergency response.
Two earthquake source zones near Evansville, Indiana, that are considered capable of producing an M 6.5 or greater earthquake are the New Madrid seismic zone, near New Madrid, Missouri, and the Wabash Valley seismic zone along the southern border between Illinois and Indiana. The New Madrid fault ruptured in a series of three great earthquakes in 1811-1812, which were felt over a large area in the central and eastern United States (Hough et al. 2000; Nuttli 1983 ). Several estimates of magnitude for the three events have been made: M 7.2, M 7.0, M 7.5 (Hough et al. 2000) , M 7.6, M 7.5, M 7.8 (Bakun and Hopper 2004) , M 8.1, M 7.8, M 8.0 (Johnston 1996) . The Evansville area experienced a Modified Mercalli Intensity VII from these events, the highest intensity observed in Indiana (Stover and Coffman 1993) . Eight earthquakes of magnitude greater than about 6 have occurred in southern Illinois and Indiana, based on paleoliquefaction evidence found in river banks throughout those states (Munson and Munson 1996; Wheeler and Cramer 2002) . The largest two have occurred in the Wabash Valley seismic zone and have estimated magnitudes of M 7.5 for the Vincennes earthquake at approximately 6,100 before present (BP) and M 6.7 for the Skelton-Mt. Carmel earthquake at approximately 12,000 BP . Both of these events produced liquefaction features in the Wabash Valley at distances comparable to the distance to Evansville, although there have been no features discovered within the study region. The two earthquake scenarios chosen for this study are based on a possible recurrence of a New Madrid earthquake of M 7.7 and a Skelton-Mt. Carmel type earthquake of M 6.8 in the Wabash Valley. While future earthquakes may not occur on exactly the same fault or with the same size and mechanism as past earthquakes, these scenarios are useful for illustrating the amplification effects of near surface geology for events from these source areas. Note that all magnitudes in this paper are moment magnitude.
We consider a strong-to-major earthquake to be a much more likely event in New Madrid than in the Wabash Valley. A recurrence interval of approximately 500 years has been estimated from radiometric and archaeological dating of liquefaction features from large earthquakes occurring in the New Madrid seismic zone (Tuttle et al. 2005 (Tuttle et al. , 2002 . However, low rates of deformation observed by GPS in the midcontinent indicate that present-day recurrence rates may be lower or that the deformation is not steady in time (Calais and Stein 2009) . Currently a recurrence interval of 500 to 1,000 years for a strong-to-major event has been retained for the estimation of probabilistic seismic hazard in the 2008 U.S. Geological Survey National Seismic Hazard Maps (Frankel et al. 1996 (Frankel et al. , 2002 Petersen et al. 2008) . The Wabash Valley, on the other hand, has produced only four earthquakes greater than M 6 in 14,000 years McNulty and Obermeier 1999; Munson and Munson 1996; Munson et al. 1995; Olson et al. 2005; Pond 1996) which implies a significantly longer recurrence interval. While the characteristic earthquake model with time or slip predictable behavior may not be the best representation for mid-continent source zones, the large difference in probability of occurrence between the two source zones is reflected in the probabilistic seismic hazard estimates for the area (Haase, Nowack, Choi, and Bowling 2011; Petersen et al. 2008) . Assuming a Gutenberg-Richter relation for M 6 earthquakes in the greater Wabash Valley of approximately 0.002 per year , this would imply a rate on the order of 7 × 10 -6 per year for a reduced area within 15 km of the prehistoric earthquake that occurred closest to Evansville, the Skelton-Mt. Carmel event. Deaggregation of the USGS National Seismic Hazard Maps (Harmsen et al. 1999) for ground motions with 2% probability of being exceeded in 50 years show that more than 25% of the contribution to the seismic hazard in Evansville comes from a New Madrid type earthquake of M 7 or greater, and less than 10% of the hazard comes from large magnitude (>M 6.8) Wabash Valley type events. It is useful to provide estimates of the hazard to Evansville from the Wabash Valley seismic zone, since the city is within this zone where strong to major earthquakes occurred throughout the Holocene and back into the Pleistocene. Extensive observations of prehistoric liquefaction features from these events have been made (Munson and Munson 1996) , and moderate earthquakes have been recorded during historic times.
SCENARIO DEFINITION
The New Madrid scenario is defined by three hypothetical faults that follow the current earthquake activity near the locations of the 1811-1812 New Madrid earthquakes, although the greatest contribution comes from the closest (northern) segment. The Wabash Valley scenario event is set in a region of diffuse seismicity and follows the trend of Paleozoic geologic structures in the Wabash Valley near the location of the Skelton-Mt. Carmel earthquake.. The Wabash Valley scenario fault length estimate is assigned based on the corresponding magnitude (Wells and Coppersmith 1994) . As there are no data to constrain the endpoints of this fault, it should be considered an illustration of one of many possible scenarios. Similarly, no attempt has been made to consider source directivity or variations in radiation pattern, depth, or stress drop. Because directivity of the source is not included, which would otherwise potentially allow constructive interference to increase ground motion levels, the greatest ground motions are generated by the closest fault segment for each scenario. The scenario faults are shown in Figure 1 and described in Table 1 .
INPUT MODEL
The ground motion level at a given site may be amplified or deamplified depending on the local site geology. The input model used to calculate amplification describes the geologic material, bedrock depth, and seismic velocity at each point on a 0.01° × 0.01° grid for the nine-quadrangle region surrounding Evansville. At this scale, the maps presented here cannot be used in a site-specific manner, but rather as a guide to where more detailed studies are needed. The surficial geology (Gray 1989; Moore et al. 2009 ) along the Ohio River Valley near Evansville consists primarily of fluvial and lake deposits that fill incised valleys into Pennsylvanian-age bedrock (Figure 2 ). Winddeposited loess covers the low surrounding hills. Beneath the terraces bordering the current river valley are alternating layers of outwash, slackwater lake deposits, and fluvial deposits. The geologic maps, in conjunction with subsurface information, are used to associate regions of similar depositional history and similar properties to representative shear wave velocity profiles.
A bedrock depth model has been produced based on water well logs (Bleuer 2000) , depth measurements interpreted from P-wave refraction profiles (Rudman et al. 1973; Whaley et al. 2002) , and bedrock elevation points from oil, gas, and water well logs. The model is described in detail in . The points are interpolated for a smooth soil thickness model in the uplands area, where eolian deposition of loess dominates, and interpolated for a smooth bedrock elevation model in the lowland areas. These are combined with modifications made by hand to incorporate the steep contoured edges of the central bedrock valley based on individual high-quality well logs. The depth uncertainties are approximately 1.2 m in the uplands and 3.7 m in the lowlands. The perspective view shown in Figure 3 gives a good representation of the horizontal variability of the individual point measurements and illustrates the difference in model surface complexity imposed for the uplands and lowlands.
Cone penetrometer data with S-wave measurements (S-CPT) (Holzer 2003) and borehole shear wave velocity measurements (Eggert et al. 1994) are the primary source of data for determining the depth dependent shear wave velocities and are described in detail by . These data are separated into four groups based on similarity in geotechnical properties within the soil column and the surficial geology. What we refer to as the river alluvium group includes floodplain deposits in the lowlands; the outwash terrace group includes terrace deposits at the edges of the Ohio River; the lacustrine group includes slackwater deposits of the lacustrine terraces; and the loess group includes eolian deposits over bedrock uplands. As shown by , the velocity variations are not large, with velocities in the 150 to 250 m/s range for all groups, and with uncertainties on the order of 60 m/s. Figure 4 shows the assignment of the reference velocity profile information to the spatial grid points of the model.
METHOD
The calculation of the ground motion level at each point in the map area is based on the magnitude of the earthquake, the closest distance from the point to the fault, and the amplification factor at the local site. Attenuation relations estimate the ground motion level at different frequencies as a function of distance from and magnitude of the source. Because of the few instrumental recordings from moderate events, and the lack of instrumental recordings from large events in the central and eastern United States (CEUS) there is significant uncertainty in the predicted ground motions, especially for large magnitudes. For that reason, we use a weighted average of estimates from a suite of ground motion attenuation relationships (Table  2) . These are the same ground motion attenuation relationships and respective weights that are used in the probabilistic hazard ▲ Figure 1 . Location of scenario earthquake faults in the Wabash Valley and New Madrid (black lines) relative to historical earthquakes (Seeber and Armbruster 1991) , current earthquakes (Sipkin et al. 2000) , and earthquake energy centers from large prehistoric earthquakes in the southern Illinois basin from 12,000 to 2000 B.C.E. . The Evansville study area is indicated by the small rectangle. (Haase, Nowack, Choi, and Bowling 2011) and for the USGS National Seismic Hazard Maps (Petersen et al. 2008) . The amplification factor is calculated using a frequency domain approach assuming shear waves vertically incident on a localized 1-D bedrock/soil profile (SHAKE91; Idriss and Sun 1992) . It takes into account nonlinear behavior of the soil column using an iterative equivalent linear approach. The uncertainties in the bedrock depth and shear wave velocities at each point were calculated from the distribution of available data during the construction of the input model. Random variations from this distribution are introduced in the bedrock depth and velocity profile at each point to calculate the corresponding distribution of amplification factors. One hundred realizations of the random profiles are used. Random variations from the average modulus reduction curves and damping curves are also introduced to account for uncertainty in the knowledge of the true nonlinear behavior. To account for uncertainty in the response due to the uncertainty in the input bedrock ground motion at the soil/bedrock interface, we select randomly from a set of 16 ground motion time series for each realization. The randomized soil profiles and scaled ground motions are then used as input to the site response calculation to create a distribution of possible site-amplification factors at each site for varying levels of input bedrock ground motion. (2005) 0.1 Silva et al. (2002) 0.1 Somerville et al. (2001) 0.2
It is necessary to estimate the amplification at different input bedrock ground motion levels, because the behavior of the material changes at high strain (Idriss and Sun 1992) . Therefore, the resulting amplification factor could be different and even smaller for greater input ground motion levels. The capability to model this nonlinear behavior is important, as it has important consequences for the final hazard map. Cramer (2006) discusses the validation, particularly at strong levels of input ground motion, of the modified version of SHAKE91 used in this application, with other equivalent linear and nonlinear codes.
The resulting amplification factors are tabulated at 20 different input ground motion levels and seven different response periods (pga, 0.1 s, 0.2 s, 0.3 s, 0.5 s, 1.0 s, and 2.0 s). The uncertainty is also calculated, based on the 100 realizations that were carried out for each tabulated value. The subsurface model and resulting amplification factors are the same as those used in the probabilistic seismic hazard calculation, and are described in detail in .
In the final step, the median site amplification is interpolated from the tabulated values for the appropriate median hard-rock ground motion given by the attenuation relations. The amplification factor multiplies the ground motion from each of the eight attenuation relations, then the weighted average of the eight estimates is calculated to determine the final value of acceleration at the grid point. The resulting sce- nario maps represent the median ground motion expected for the given scenario earthquake, which are the ground motions one expects will be exceeded 50 percent of the time when that scenario earthquake occurs. This calculation is implemented using the program hazFXnga7c.f (provided by Mark Petersen, USGS) in the deterministic mode, which has been modified to multiply the hard-rock ground motion from each attenuation relation by that site's hard-rock amplitude-dependent site amplification using the above described procedure, similar to the approach of Cramer et al. (2004) for Memphis, Tennessee. Figure 5 shows the amplification factors for an input bedrock ground motion level of 0.2 g for pga, 0.2 s period, and 1.0 s period. At 0.2 s, which is the period that most affects shorter structures, the amplification is due to resonances in unconsolidated soils between 10 and 15 meters thick. This appears as high amplification near the borders between the uplands and river terraces on both sides of the Ohio River. A recent study of the 2008 M = 5.4 Mt. Carmel earthquake in Illinois showed site resonances in this range for USIN and EVIN, two seismic stations found within the study area (Odum et al. 2010) . On the other hand, at 1.0 s period, the higher amplifications are in the thickest soils within the ancient bedrock valley and extending to the north under the terrace alluvium deposits beneath Evansville. The range of amplification factors is comparable to that assigned to NEHRP site class B to class D for 1.0 s periods. For 0.2 s period, however, the range of amplification factors calculated here is much greater than that typically assigned to NEHRP site class B to class D.
The 1-D calculation may not fully capture the 3-D response near the edges of the steep-sided bedrock valley. The general results of Bard and Bouchon (1985) that describe 2-D response of sediment-filled valleys as a function of the valley aspect ratio and the velocity contrast of materials at the base of the basin would suggest that a basin of this size would have a response close to 1-D at the center of the valley. However, future work should investigate the effects at the valley edges using 3-D calculations. The uncertainties associated with the bedrock depth and soil velocity models, as well as the approximations made in the calculation of the response, should be kept in mind when using the amplification maps, as they cannot be considered site specific.
SCENARIO SEISMIC HAZARD RESULTS
The scenario seismic hazard maps have been computed for peak ground acceleration (PGA) and spectral accelerations at 0.1, 0.2, 0.3, 0.5, 1.0, and 2.0 s for a New Madrid magnitude 7.7 scenario event and for a Wabash Valley 6.8 scenario event. The PGA, 0.2 s, and 1.0 s maps are shown in Figure 6 .
For the New Madrid scenario PGA, the highest accelerations of 0.15 g to 0.2 g are in the southern part of the study area, which is consistent with the fact that the New Madrid fault is to the southwest of Evansville, but the ground motion levels increase again on the farther side of the river due to local site conditions. Table 3 illustrates the range of potential damage corresponding to these ground motion levels, an approximation that can be improved by using estimates of peak ground velocity at higher intensities (Wald et al. 1999) . At 0.2 s spectral acceleration, the highest values of 0.4 g to 0.5 g are again seen away from the bedrock valley and correspond to thinner soils and therefore shorter periods. It is impressive to note that the accelerations at such high frequencies are significant despite the fact that the source is 180 km away, and this re-emphasizes the low attenuation of seismic waves in the center of North America. Fortunately, the highest ground motions at this period occur southwest of the major urban areas in Evansville and Henderson, Kentucky. The highest 1.0 s spectral accelerations are 0.15 to 0.17 g and occur where the soil is thickest, associated with the ancient bedrock valley. This region of higher ground motion (up to 0.17 g) extends into the terrace deposits on which most of Evansville is built. It also extends significantly east from the river under Henderson. 
CONCLUSIONS
Ground motions from an M 6.8 Wabash Valley scenario earthquake centered 40 km northwest of the city, similar to what may have occurred during the Skelton-Mt. Carmel earthquake about 12,000 years ago, would be very strong across the Evansville area. Peak ground acceleration would vary from 0.8 g in the region northwest of Evansville to 0.1 g in the southeast as distance increases from the causative fault. Local soil conditions have a major impact on the ground motions predicted for the scenario earthquakes. Ground motions decrease with distance from 1.5 g to 0.3 g for 0.2 s spectral acceleration when they reach the main part of Evansville, but then increase again in amplitude from 0.3 to 0.6 g south of the city and the Ohio River. Accelerations south of the river 15 km further away from the earthquake source are comparable to those just north of the river. The majority of the urban area is constructed on alluvial and lacustrine terrace deposits north of the Ohio River, over an ancient incised bedrock valley. The thickness of the deposits within that bedrock valley is such that resonances produce strong amplification at 1.0 s period. The resulting ground motions at 1.0 s spectral accelerations are 0.1 to 0.25 g in the Ohio River Valley.
The peak ground acceleration level for a magnitude 7.7 New Madrid scenario event, similar to what may have occurred during the 1811-1812 New Madrid earthquakes, would be about 0.15 to 0.25 g, with significant local variations across the study area. The 0.2 s spectral accelerations would be very high, between 0.4 and 0.5 g, north and west of the main urban center of Evansville on the north side of the river. The 1.0-s spectral accelerations would be 0.05 to 0.16 g, with higher values confined to the bedrock valley. Variations in the level of acceleration caused by local variations in site conditions are greater than the distance-dependent variations of ground motion across the study area due to the attenuation relations. The densest urbanization in Evansville on the north side of the river and Henderson, Kentucky, on the south side of the river, is within the area of preferential amplification at 1.0 s period for both scenarios, but these areas experience relatively less amplification than surrounding areas at 0.2 s. This is consistent with expected resonance periods based on the soil profiles and bedrock depth.
The objective of this work is to demonstrate the local variability in ground motions due to only one factor in the ground motion equation-local site effects. This study does not attempt to examine complexity in the source or 3-D wave propagation that may also cause variability in the ground motions. These factors would be most significant for the closer Wabash Valley event. We expect that the more distant New Madrid source would be more likely to produce a more nearly homogeneous wavefield impinging on the study area, so that the pattern of variations calculated here would be a realistic representation of ground motion variability.
These scenario maps are a valuable complement to the probabilistic seismic hazard maps for the same area (Haase, Nowack, Choi, and Bowling 2011) , because the scenario maps illustrate the direct relationship between an earthquake source and the potential hazard. Also, the scenario ground motions can be used to calculate liquefaction hazard . However, scenario ground motions do not communicate effectively the relative probability of occurrence of these events, which may be as infrequent as one in 4,000 years for the Wabash Valley event, i.e., very rare, to one in 500-1,000 years for the New Madrid event. The scenario maps are most effective in combination with the probabilistic seismic hazard maps, which indicate the probability that a given ground motion level will be exceeded in a specified amount of time. 
